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Synapses formed by the olfactory nerve (ON) provide the source of excitatory synaptic input onto mitral cells (MC)
in the olfactory bulb. These synapses, which relay odor-specific inputs, are confined to the distally tufted single
primary dendrites of MCs, the first stage of central olfactory processing. �-adrenergic modulation of electrical and
chemical signaling at these synapses may be involved in early odor preference learning. To investigate this
possibility, we combined electrophysiological recordings with calcium imaging in olfactory bulb slices prepared from
neonatal rats and mice. Activation of ON–MC synapses induced postsynaptic potentials, which were associated with
large postsynaptic calcium transients. Neither electrical nor calcium responses were affected by �-adrenergic agonists
or antagonist. Immunocytochemical analysis of MCs and their tufted dendrites revealed clear immunoreactivity with
antibodies against �1A (Cav2.1, P/Q-type) and �1B (Cav2.2, N-type), but not against �1C (Cav1.2, L-type) or �1D
(Cav1.3, L-type) calcium channel subunits. Moreover, nimodipine, a blocker of L-type calcium channels, had no effect
on either electrical or calcium signaling at ON–MC synapses. In contrast to previous evidence, we concluded that in
neonatal rats and mice (P5–P8), mitral cells do not express significant amounts of L-type calcium channels, the
calcium channel type that is often targeted by �-adrenergic modulation. The absence of �-adrenergic modulation on
either electrical or calcium signaling at ON–MC synapses of neonatal rats and mice excludes the involvement of this
mechanism in early odor preference learning.

Early odor preference learning is observed in neonatal rats when
they form a preference to an odor that is paired with a reinforcing
stimulus (Sullivan et al. 1989; Sullivan and Wilson 1994; Wilson
and Sullivan 1994). This form of learning depends on noradren-
ergic neurotransmission in the main olfactory bulb (MOB) that
receives noradrenergic input exclusively from the locus coeruleus
(Shipley et al. 1985; McLean et al. 1989; McLean and Shipley
1991). Both �- and �-adrenoceptors are localized in the MOB
(Wanaka et al. 1989; Nicholas et al. 1993a,b; Woo and Leon
1995; Day et al. 1997; Winzer-Serhan et al. 1997; Yuan et al.
2003) and might therefore contribute differentially to early odor
preference learning. Although work in vitro (Trombley 1992,
1994; Trombley and Shepherd 1992) and in vivo (Jiang et al.
1996) has indicated norepinephrine (NE)-mediated disinhibition
via �-adrenoceptors, a role of �-adrenoceptors in early odor pref-
erence learning has only been recently proposed (McLean et al.
2003). On the other hand, activation of �-adrenoceptors has
been shown to promote learning-dependent behavioral and neu-
ral changes (Wilson and Sullivan 1994; Coopersmith and Leon
1995). Early odor preference learning in the MOB is blocked by
�-adrenoceptor antagonists; and the effect of reinforcing stimu-
lus required for early odor preference learning can be provided by
application of �-adrenoceptor agonists. On the basis of these
findings, it has been proposed that �-adrenoceptor activation is
both necessary and sufficient for early odor preference learning
(Sullivan et al. 2000; but see McLean et al. 2003).

In a recent cellular model for early odor preference learning,

Yuan et al. (2003) proposed that �1-adrenoceptor activation trig-
gers an intracellular cAMP cascade, whereas ON input triggers an
influx of Ca2+ in MC dendrites. The coincident activation of the
cAMP cascade and increased Ca2+ levels facilitates Ca2+/
calmodulin phosphorylation of cAMP response element (CRE)-
binding protein (CREB) and CRE-regulated gene transcription. In
this model, the cAMP-UCS (unconditioned stimulus) and Ca2+-
CS (conditioned stimulus) pathways are hypothesized to con-
verge at the level of CREB phosphorylation/dephosphorylation.
There are several possible scenarios, however, for an interaction
of the two pathways at an earlier stage. First, the Ca2+ pathway
may enhance the cAMP cascade. This possibility has been ex-
cluded because odor input itself did not change the cAMP level.
Furthermore, odor plus stroking (tactile stimulation) did not pro-
vide an additional increase to the cAMP level compared with
stroking alone (Yuan et al. 2003). The second possibility for an
interaction of the cAMP and the Ca2+ pathways at an early stage
is the direct enhancement of the odor-induced Ca2+ signaling via
the �1-adrenoceptor.

In both the hippocampus and the amygdala, the modula-
tion of Ca2+ signaling by �-adrenoceptors has been proposed to
play a critical role during long-term memory formation (Gray
and Johnston 1987; Huang et al. 1993, 1996). The pairing of CS
and UCS inputs during fear conditioning leads to Ca2+ entry
through both NMDA receptors and L-type Ca2+ channels in lat-
eral amygdala principal neurons (Bauer et al. 2002). Activation of
�-adrenoceptors has been reported to facilitate glutamate release
in the amygdala by increasing presynaptic Ca2+ influx (Huang et
al. 1993, 1996). In hippocampal pyramidal cells, NE and �-adre-
noceptor agonists increase the activity of postsynaptic L-type cal-
cium channels (Gray and Johnston 1987); the activation of L-

1Corresponding author.
E-MAIL tknopfel@brain.riken.go.jp; FAX 81-48-467-9739.
Article and publication are at http://www.learnmem.org/cgi/doi/10.1101/
lm.75204.

406 Learning & Memory 11:406–411 ©2004 by Cold Spring Harbor Laboratory Press ISSN 1072-0502/04; www.learnmem.org
www.learnmem.org



type Ca2+ channels, but not NMDA receptors, leads to sustained
nuclear CREB phosphorylation and CREB-driven gene expression
(Hardingham et al. 2001).

In the current study, we combined intracellular recordings
and Ca2+ imaging with immunocytochemical analysis to test
whether �-adrenoceptor activation also affects Ca2+ signaling in
the olfactory bulb as seen in other systems. Our results demon-
strate the absence of �-adrenergic modulation on both electrical
synaptic transmission between the ON and MCs and synaptically
induced Ca2+ signals in MC dendritic tufts of neonatal rats and
mice. We therefore exclude the possibility of an early interaction
of cAMP and Ca2+-signaling pathways in the above-mentioned
model for early odor preference learning.

RESULTS
We used olfactory slices prepared from both mouse and rat pups.
Using both of these species, we took into account the fact that
most behavioral work is done in rats, whereas the number of
studies using genetic approaches in mice is increasing. Although
data from different species were not pooled, no obvious differ-
ences were found in data between rats and mice. The morphol-
ogy of postnatal development of rat MCs has been previously
described (Malun and Brunjes 1996; Treloar et al. 1999). In agree-
ment with these studies, dye-filled mouse
MCs between postnatal day 5 (P5) and P8
exhibit a distal dendritic tuft less developed
than that in adults, and occasionally also
exhibit a secondary apical dendrite. Figure 1
shows a dye-filled P6 mouse MC with a
single apical dendrite along with a sche-
matic drawing indicating the patch-clamp
electrode and placement of the stimulation
electrode on the ON. A single electrical
stimulus to the ON induced an excitatory
postsynaptic potential (EPSP) recorded at
the soma of MCs. The EPSP gradually in-
creased in amplitude with increasing stimu-
lus intensity and eventually reached thresh-
old for triggering action potentials (Fig. 2A).
Calcium imaging revealed that both sub-
and supra-threshold EPSPs were associated

with a transient rise in [Ca2+]i in the tufted dendritic terminal
(Fig. 2B,C). Maps of these Ca2+ signals indicated that the ampli-
tude of Ca2+ transients was relatively homogenous over the
whole tuft, but slightly smaller in the adjacent apical dendrite
segment (Fig. 2C).

The Ca2+ transients associated with synaptic transmission
between ON and MCs may be caused by Ca2+ influx through
NMDA receptors or by activation of voltage-gated calcium chan-
nels (VGCCs). To investigate these possibilities, we applied the
NMDA receptor antagonist D-APV, which reduced, but did not
abolish, the EPSPs and associated calcium transients (n = 7,
P < 0.005, Fig. 3). Both signals were abolished with the additional
application of an AMPA receptor blocker, NBQX (data not
shown), indicating that, in the absence of NMDA receptor acti-
vation, activation of AMPA receptors suffices to produce a Ca2+

elevation via activation of VGCCs. The effect of D-APV demon-
strates a significant contribution of NMDA receptors to the com-
pound EPSP. The reduction of the Ca2+ signal by D-APV could be
accounted for by the reduced postsynaptic depolarization (see
Fig. 1). The close correlation between the amplitudes of postsyn-
aptic membrane depolarization and Ca2+ signals (Fig. 1) suggests

Figure 1 Morphology of a mitral cell (MC) in an olfactory bulb slice of
a P6 mouse and positions of electrodes. The MC was filled through the
patch-clamp electrode (also recording pipette, R) with 100 µM Oregon
Green and fluorescence was imaged. Stimulation pipette (S) was placed
in the olfactory nerve layer (ONL). (GL) Glomerular layer; (EPL) external
plexiform layer; (MCL) mitral cell layer; (GCL) granule cell layer. (T) The
tuft of the mitral cell apical dendrite. Scale bar, 50 µm.

Figure 2 Olfactory nerve (ON) stimulation-induced electrical and Ca2+

signaling. (A) Sub- and supra-threshold excitatory postsynaptic potentials
(EPSPs) were evoked by single stimulation pulses (arrows) to the ON at
varying intensities and recorded from the soma of MCs. (B) Time course
of Ca2+ signals in a tufted dendritic terminal recorded simultaneously
with electrical signals shown in A. (C) Map of increase in [Ca2+]i measured
at time points indicated in B.

Figure 3 Effect of NMDA receptor blockade on ON stimulation-induced glomerular Ca2+ signals.
(A) Postsynaptic electrical (top traces) and Ca2+ signals (bottom traces) in control ACSF, in the
presence of D-APV (50 µM), and after washout of D-APV. Arrows indicate times of ON stimulations.
Note that D-APV reduced both Ca2+ signal and EPSPs. (B) Statistical analysis of experiments illus-
trated in A. Ca2+ signals and EPSPs were normalized to the responses obtained in control ACSF and
expressed as the mean � SEM (n = 7). Asterisks indicate statistical significant difference as com-
pared with control (P < 0.005).
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that the bulk of Ca2+ influx associated with the EPSP is medi-
ated by VGCCs. However, we cannot exclude the possibility
that a component of the Ca2+ transients was caused by flux
through NMDA receptors or calcium released from intracellular
sources.

We then studied the effects of �-adrenoceptor agonists and
antagonist on ON stimulation-induced glomerular responses in
neonatal rats (Fig. 4). Three drugs were used as follows: isopro-
terenol (1–10 µM, a standard selective �-adrenoceptor agonist,
n = 4), xamoterol (1 µM, a partial �1-adrenoceptor agonist, n = 2)
and betaxolol (1 µM, a selective �1-adrenoceptor antagonist,
n = 4). None of the above drugs exerted significant effects on the
ON–MC EPSPs or on the associated Ca2+ signals. We confirmed
these results in olfactory slices from neonatal mice by testing the
effect of isoproterenol on ON stimulation-induced glomerular
responses either sub- or supra-threshold for action potential in-
duction. Isoproterenol did not affect the electrical or the Ca2+

signaling in MCs in either condition (Fig. 5).
Our results were surprising, as previous work conducted in

other laboratories suggested that L-type calcium channels are
present in MCs (Trombley 1992; Tanaka et al. 1995; Wang et al.
1996; Davila et al. 2003), and it is generally assumed that these
channels are modulated by �-adrenoceptor activation in other
cortical structures (Gray and Johnston 1987; Huang et al. 1993).
Because at least �1-adrenoceptor are expressed in MCs (Yuan
et al. 2003), we reinvestigated the expression of Ca2+ channel
subtypes in MCs using immunocytochemical and pharmacologi-
cal measures. Immunocytochemistry revealed clear immuno-
reactivity with antibodies against �1A (Cav2.1, P/Q-type) and
�1B (Cav2.2, N-type), but not against L-type �1C (Cav1.2)/�1D
(Cav1.3) Ca2+ channel subunits in MCs and their tufted den-
drites (Fig. 6). Whereas �1A and �1B antibodies clearly labeled
MC soma and glomeruli (also granule cell soma for �1B; Fig.
6A,B), no obvious staining was observed in mitral cell soma
and glomeruli by L-type VGCC subunit �1C antibody (Fig. 6C).
�1D immunocytochemistry revealed very weak immunoreactiv-
ity throughout the MOB (Fig. 6D). The external and internal
plexiform layers, however, were heavily stained by the �1C an-
tibody, suggesting that granule cell dendrites (or MC lateral den-
drites, see Discussion) express L-type �1C subunits of VGCCs.
The lack of immunoreactivity for �1C (Cav1.2) and �1D (Cav1.3)
subunits suggest that L-type Ca2+ channels are absent or poorly
expressed in the cell body and apical dendrites of MCs. To inves-

tigate this issue further, we tested the effect of nimodipine (an
L-type Ca2+ channel blocker) on electrical and Ca2+ signaling
mediated by ON–MC synapses. Nimodipine (10 µM) had no sig-
nificant effect on either the ON–MC EPSPs or the associated Ca2+

signals (Fig. 7A,B). Nimodipine also did not affect field EPSPs
induced by ON stimulation recorded in the glomerular layer (Fig.
7C,D).

DISCUSSION
Given the critical role of �-adrenoceptor activation in early
odor preference learning, it is surprising that the physiologi-
cal mechanisms associated with �-adrenoceptor activation in
MCs of the MOB have not been elucidated in detail. The pres-
ent study revealed that �-adrenoceptor activation interferes

Figure 5 The effects of isoproterenol on ON stimulation induced glo-
merular responses in neonatal mice. (A) Effects of isoproterenol (1–10
µM) on glomerular Ca2+ signals. Responses to sub- and supra-threshold
stimulations (i.e., with and without action potential) are shown sepa-
rately. (B) Effects of isoproterenol on EPSPs with and without action po-
tentials. Ca2+ signals of the glomeruli and membrane potentials were
recorded simultaneously. Note that isoproterenol exhibited no significant
effect on either the Ca2+ signal or the EPSPs. Ca2+ signals and EPSPs were
normalized to the responses obtained in control ACSF and expressed as
the mean � SEM (n = 14 and n = 5 for sub- and supra-threshold stimu-
lations, respectively).

Figure 6 Immunocytochemical locations of VGCC subunits in neonatal
rat (P7, n = 6) olfactory bulbs. Panels 1 through 4 indicate the immuno-
reactivity with antibodies against �1A (P/Q type; 6A), �1B (N-type; 6B),
�1C (L-type; 6C) and �1D (L-type; 6D) distinctively. �1A subunit was
located mainly in the glomeruli (A1, 20�; A2, 60�) and mitral cell soma
(A3, 60�). �1B subunit antibody stained strongly all major neurons in-
cluding mitral cells, granule cells (B1, 20�; B3, 60�), periglomerular
cells (B1; B2, 60�) and also glomeruli (B1, B2). On the contrary, �1C
antibody stained heavily in the EPL and IPL (C1, 20�; C3, 60�). How-
ever, mitral cell and granule cell soma (C1 and C3), and glomeruli (C1
and C2, 60�) exhibited no immunoreactivity. �1D antibody did not
produce any specific staining in the OB (D1, 20�; D2 and D3, 60�).
Arrows indicate MCs. Bars, 50µm.

Figure 4 The effects of �-adrenoceptor agonists and antagonist on ON
stimulation-induced glomerular responses in neonatal rats. (A) Effects of
�-adrenoceptor agonists and antagonist on glomerular Ca2+ signaling.
(B) Effects of �-adrenoceptor agonists and antagonist on EPSPs. Ca2+

signals of the tufted dendritic terminals and membrane potentials were
recorded simultaneously. Note that application of �-adrenoceptor li-
gands exhibited no significant effect on either the Ca2+ signal or the
EPSPs. Ca2+ signals and EPSPs were normalized to the responses obtained
in control ACSF and expressed as the mean � SEM. Isoproterenol (1–10
µM, n = 4), standard �-adrenoceptor agonist; xamoterol (1 µM, n = 2),
�1-adrenoceptor partial agonist; betaxolol (1 µM, n = 4), selective �1-
adrenoceptor antagonist.
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neither with synaptic transmission between ON and MCs nor
with Ca2+ signaling in the distally tufted apical dendrites of
MCs.

Involvement of Adrenoceptors in Early Odor
Preference Learning
In an early hypothesis accounting for the role of noradrenergic
mechanisms in early odor preference learning, Wilson and Sul-
livan (1994) proposed that NE may act on granule cells to disin-
hibit MCs and modify the synaptic efficacy between the MCs and
granule cells. Other studies suggested that the disinhibitory effect
of NE on MCs is mediated through �-adrenoceptors (Trombley
1992, 1994; Trombley and Shepherd 1992; Jiang et al. 1996).
More recently, Yuan et al. (2003) proposed that NE via �1-
adrenoceptors mediates the production of cAMP, which facili-
tates Ca2+-dependent phosphorylation of CREB in MCs. Follow-
ing CRE-regulated gene expression, odor-encoding MCs may in-
crease their excitability for the learned odor (Yuan et al. 2002,
2003). The increased excitability was proposed to result from a
change in the synaptic efficacy between the ON input and the
MCs (Sullivan and Wilson 2003; Yuan et al. 2003). Consistent
with this model, isoproterenol (�-adrenoceptor agonist) induced
increases in the excitability of MCs have been reported (Wilson and
Leon 1988; Yuan et al. 2000; Hayar et al. 2001). It was hypothesized
that isoproterenol may increase Ca2+ currents in the dendrites of
mitral or tufted cells (Hayar et al. 2001), a mechanism that has been
established in the hippocampus (Katsuki et al. 1997) and the am-
gydala (Huang et al. 1993, 1996).

�-Adrenoceptor Activity, Electrical and Calcium
Signaling at ON–MC Synapses
Our data demonstrated that �-adrenoceptor activation did not
affect EPSPs recorded from MCs by ON stimulation, which is

consistent with a previous study (Hayar
et al. 2001). Furthermore, �-adrenocep-
tor activation did not affect Ca2+ signals
induced by ON stimulation and re-
corded in MC apical dendrites. There are
no previous studies that have tested the
effect of �-adrenoceptor activation on
Ca2+ signaling in MCs in slices. Previous
work by Trombley (1992, 1994) on cul-
tured olfactory neurons suggested that
NE inhibits synaptic transmission from
MCs to granule cells by reducing Ca2+

currents via �-adrenoceptors. Our work-
ing hypothesis – that �-adrenoceptor ac-
tivation may modulate Ca2 signaling in
MC dendrites—was motivated by find-
ings reported in other systems, in which
the up-regulation of Ca2+ signals
through L-type VGCCs by �-adrenocep-
tor activation is involved in learning and
memory (Huang et al. 1993, 1996; Bauer
et al. 2002). The lack of �-adrenergic
modulation of Ca2+ signals in the mitral
cell apical dendrite may be explained by
three possibilities as follows: (1) �-adre-
noceptors do not colocalize with L-type
VGCCs, (2) �-adrenoceptors colocalize
with L-type VGCCs, but do not interact
with them, or (3), L-type calcium chan-
nels are absent in the apical dendritic
tufts of MCs. To test the above possibili-

ties, we performed immunocytochemical and pharmacological
experiments to locate VGCCs, especially L-type VGCCs, in the
olfactory bulb, and to test their role in the ON stimulation-
induced Ca2+ changes.

In contrast to P/Q (�1A) and N (�1B) subunits, which were
densely stained in MC soma and glomeruli, the L-type (�1C and
�1D) antibody did not stain either of these structures. The lack of
immunoreactivity for L-type calcium subunits in MC soma and
glomeruli, in which the MC sends its apical dendrite, may ex-
plain the lack of effect of �-adrenoceptor activation on Ca2+ sig-
naling in MC tufted dendrites in glomeruli. To support the im-
munocytochemical evidence, we tested the effect of nimodipine
(an L-type VGCC blocker) on electrical signaling induced by ON–
MC synapses. Nimodipine had no significant effect on either the
EPSPs or the associated calcium signals. Whereas these electro-
physiological data do not exclude the possibility of an involve-
ment of L-type calcium channel in activities of MCs that were
not tested in the present study, they confirm the lack of involve-
ment of L-type VGCCs in the Ca2+ signaling in MCs during ON
stimulation. The immunoreactivity for �1C subunits of VGCCs
in the external plexiform layer may indicate the presence of L-
type VGCCs in MC lateral dendrites. Preliminary experiments
(n = 3 cells; data not shown) revealed, however, that nimodipine
also had no effect on Ca2+ transients induced in lateral dendrites
by back-propagating action potentials that were induced through
depolarization of the cell body. These results are consistent with
two previous studies showing little effect of an L-type Ca2+ chan-
nel blocker, nifedipine, on either mitral cell self-excitation (Fried-
man and Strowbridge 2000) or lateral dendrodendritic inhibition
(Isaacson and Strowbridge 1998).

In summary, our results exclude the role of �-adrenoceptor
activation in directly regulating Ca2+ signals in MCs induced by
the ON stimulation. Thus, our results suggest that the cAMP-UCS
and Ca2+-CS pathways may converge solely at the stage of CREB
phosphorylation in early odor preference learning.

Figure 7 The effects of nimodipine, a blocker of L-type voltage-gated calcium channels, on synaptic
transmission at ON–MC synapses. (A) Electrical and calcium signaling at ON–MC synapses before,
during, and after application of nimodipine (10 µM) to the bath solution. (B) summary data (mean �
SEM, n = 4) obtained as illustrated in A. Note that nimodipine exhibited no significant effect on either
the Ca2+ signal or the EPSPs. Ca2+ signals, and EPSPs were normalized to the responses obtained in
control ACSF and expressed as the mean � SEM. (C) Effect of nimodipine (10 µM) on the field EPSPs
evoked by ON stimulation and recorded in glomeruli. (Inset) Field EPSPs before (dotted line) and
during (solid line) application of nimodipine. Horizontal lines demark the amplitude of the field EPSP.
(D) Summary data (mean � SEM, n = 5) obtained as illustrated in C. NPD, nimodipine.
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MATERIALS AND METHODS

Slice Preparation
Experiments were performed on slices obtained from Sprague-
Dawley rats and ICR mouse pups of both sexes aged between P5
and P8. Briefly, animals were anesthetized in ice and decapitated.
The brain with the two olfactory bulbs was removed and glued to
the stage of a Vibroslicer (VT 1000S, Leica). The brain was posi-
tioned so that the bulbs were in approximately the same hori-
zontal plane with the most basal part of the brain. Slices (250–
300-µm thick) were cut and allowed to recover at 32°C for 1 h,
and then at room temperature for up to 8 h. After at least 1 h of
incubation, slices were transferred into a recording chamber and
were perfused with artificial cerebrospinal fluid (ACSF; composi-
tion in mM: NaCl 118, NaHCO3 25, NaH2PO4 1, KCl 3, MgCl2 1,
CaCl2 2, and glucose 10). For electrophysiological and fluores-
cence recordings, slices were placed in an immersion-type perfu-
sion chamber mounted on the stage of an upright microscope
(Axioskope 2, Carl Zeiss) and visualized using a 40� water-
immersion lens.

Electrophysiology
Patch-clamp experiments were performed in whole-cell configu-
ration. Patch electrodes (3.5–4.5 M� resistance) were pulled from
borosilicate glass using a two-stage vertical puller (PP-810, Na-
rishige) and contained (in millimolars) KCl 9, KOH 10, K-
gluconate 120, MgCl2 3.48, NaCl 4, HEPES 10, sucrose 17.5,
Na2ATP 4, Na3GTP 0.4, and 0.1 Oregon Green 488 BAPTA-1; (pH
7.25) osmolarity 300 mOsm. Extracellular field recordings were
recorded with a glass pipette (filled with ACSF, 1.0–2.0 M�)
pulled from borosilicate glass and placed in the center of a glo-
merulus. Glass pipettes (0.8–1.5 M�) pulled from borosilicate
glass and filled with ACSF were used for electrical stimulation
(negative current pulse, 5–100 µA, 300 µs).

Imaging
Fluorescence of Oregon Green was excited by epi-illumination
(488 nm) with light provided by a monochromator, and detected
by a cooled 12-bit charge coupled device (CCD) under the con-
trol of Till Vision software (Till Photonics). A filter set consisting
of a dichroic beam splitter (DCLP 505 LP) and an emission filter
(535 � 25 nm) was used. Fluorescence from intracellularly
loaded dye equilibrated throughout the cell within 30–40 min of
commencing whole-cell configuration. Changes of [Ca2+]i were
expressed as relative fluorescence changes (�F/F, where F is the
fluorescence before stimulus and �F is the evoked change in fluo-
rescence). For traces showing the time course of �F/F, fluores-
cence was measured as the integral over the entire tufted den-
drite. Color-coded maps of �F/F were obtained using custom-
made macros under Image-Pro Plus (Media Cybernetics). �F/F
image values were unreliable in regions where the absolute base-
line fluorescence level (F) approached zero (i.e., at the border of
the dye filled cell) and �F/F values were undefined when F
reaches zero. Therefore, a masking technique was used, in which
the brightness of each pixel of the �F/F maps was derived from
the corresponding F value. As a result, regions exhibiting no dye
fluorescence (F = 0) are black, and dim structures, such as very
fine processes, are in darkened colors.

Statistics
Summary data are expressed as mean � SEM; and n represents
the number of experiments performed on different MCs. Signifi-
cance was determined using Student’s unpaired t test, unless
stated otherwise.

Immunocytochemistry
P7 rats and mice were anesthetized with an overdose of pento-
barbital sodium and perfused transcardially with ice-cold saline,
followed by 4% paraformaldehyde in 0.1 M PB (pH 7.4) for 30
min. Brains were removed and post-fixed in the same fixative for
1 h, then transferred to 30% sucrose solution overnight. The

olfactory bulbs were sectioned with a cryostat at 30 µm. Olfactory
bulb sections were either collected free-floatingly, or mounted
onto subbed slide glass. After incubation with 10% normal goat
serum for 30 min at room temperature, sections were incubated
overnight in one of the following antibodies: �1A (P/Q-type),
�1B (N-type), �1C, and �1D (L-type) (diluted 1:200, Chemicon),
in PBS containing 0.3% Triton X-100 and 2% normal goat serum.
After washing with PBS, sections were incubated with a second-
ary antibody (Alexa488, diluted 1:1000, Molecular Probes). Im-
munoreactions were observed under a confocal microscope
(Olympus Fluoview). To establish the specificity of the immuno-
staining, a negative control test (incubation without primary an-
tibody) or a preabsorption test was performed. All labeling inter-
preted as specific immunoreactivity was absent in these controls.
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